I. INTRODUCTION
EARLIER work has shown that the average chiasma frequencies found in p.m.c. of rye plants are subject to the control of the genotype (Rees, i 955 and b). It has also been established that the control is polygenic, except in rare cases where a single recessive gen.e may cause asynapsis (Prakken, 1943) . Something of the nature of this polygenic control becomes evident from the results of inbreeding experiments which have been carried out in this species (Lamm, 1936; Muntzing and Akdik, 1948) . Normal rye populations outbreed and hence comprise genotypes which are partially heterozygous. It was found that inbreeding led to a reduction in chiasma frequency, and often to failure of metaphase pairing. Efficient chiasma formation thus depends upon a genetic balance achieved through polygenes in partially heterozygous combinations. The experiment to be described was carried out to discover how such a system of genes operates. For this purpose a sample of homozygous inbred lines were crossed in a number of combinations and the results from parent lines and their F1s have been analysed using, as far as possible, the techniques available for investigating continuous variation.
We are concerned with the effects of crossing homozygotes on two different aspects of the variation in chiasma frequency. In the first place we need to discover in what manner this affects the mean frequency of chiasmata in p.m.c. of different genotypes. In the second place we can investigate the environmental, non-heritable, variation in the chiasma frequency of p.m.c., and in particular we can compare the extent of such variation in homozygotes and heterozygotes. For studying this non-heritable component of variation chiasma frequency is a particularly useful character, because the variation can be measured at three levels (i) between plants of the same genotype.
(ii) between p.m.c. within plants, and (iii) between bivalents within p.m.c. From such investigations we can hope to gain a better understanding of the genetic and physiological interrelations which govern the expression of chiasma frequency as a property of the nuclear phenotypes at meiosis.
MATERIAL AND METHOD
Chiasma frequency was scored in o 'p.m.c. in each plant, and from this scoring three metrics were derived :-i. The plant chiasma frequency, which is expressed as the average per bivalent (cf. Rees, l.c.) of the o cells scored. 409 2. The cell variance, which is the variance-with i 9 degrees of freedombetween the p.rn.c. in chiasma frequency per bivalent.
. The bivalent variance, being the variance in chiasma frequency-with 120 degrees of freedom (there being seven bivalents, and therefore six comparisons, in each of the 20 pm.c.)-between bivalents within p.m.c. All means and variances for convenience are expressed in terms of the chiasma frequency per bivalent.
The lines have been inbred by self pollination for more than 20 generations and are assumed to be virtually homozygous. The four lines used in the diallel experiment to be described were crossed in all combinations to produce six F, families. Because of shortage the seed from reciprocal Crosses was pooled and the plants scored without reference to the way in which the cross was made. (2) All Fs have higher means than the inbred lines (P = <oooi).
() The F1s differ from one another (P = <oooi). (i) evidently reflects genotypic differences between the lines which have been noted elsewhere (Rees, l.c.) and which need not be discussed further here.
(2) and () we need to consider in some detail. by Jinks (i) and Hayman
The interactions are identified by plotting the variance of the offspring means (Vr) against the covariance (Wr) of the offspring family means with the means of the non-recurrent parents. This has been done with our data in fig. 2 . The basis of interpreting the graph is described fully by the authors in the papers referred to above. The conclusions to be. drawn from the graph are briefly :-(i) There is high average "overdominance ", since the regression line, which is significant, intersects the Wr axis below the origin. The order of average dominance is P3, P,3, P6
and P12, P3 being the most dominant. (ii) There is evidence of non-allelic interaction because the slope of the Wr/Vr line is significantly different from i (P o o5-o O2).
It appears therefore that the apparent overdominance in mean chiasma frequency is at least partly due to non-allelic gene interaction, as indeed we might have expected on the basis of Jinks' analyses of heterosis involving a number of characters showing" overdominance" in a wide range of species (Jinks, 1955) .
VARIATION WITHIN LINES AND F1s
The chiasma variation within the F,s and within the lines is between similar genotypes, so that we are here concerned with nonheritable differences. These differences arise through variation in uncontrolled environmental conditions under which the plants grow, though just what these variable conditions are is not easy to ascertain with any certainty. Weather changes from day to day are known to affect chiasma frequency (e.g. Mather, 1935) , but in this instance such changes are of small importance, the effect of fixing on different days being insignificant. It is probable that the growth history of the plant over a long period may be reflected in the activities of the chromosomes at meiosis. There is for instance some evidence from another experiment that growing rye plants in different parts of the field may affect the chiasma frequency (Thompson, unpub.).
Whatever the factors causing the variation there is no doubt, as has been recently pointed out (Rees, r955b ) that the amount of variation between plants measured as the variance is much greater in the homozygous lines than in the heterozygous F1s ( fig. i ). This we have interpreted as reflecting the greater developmental stability, or homeostasis (see Lerner, 1954) heterozygosity of the genotype? Is it dependent to any extent on the mean chiasma frequency? We shall try to answer such questions in the following sections. At the same time it will be necessary to attempt to explain in physiological and genetical terms the basis for the variation between nuclei of identical genotypes.
The variation in chiasma frequency between plants, as we have seen, is greater within the inbred lines than F1s. There are, however, considerable and highly significant differences between the amounts of variation in different lines. The Bartlett test of homogeneity of Taking into account therefore the data from the two years it would appear that stability in the inbred lines, measured as the variation in chiasma frequency between plants, is determined by the particular homozygous genotypic combination. At the same time, while some homozygous genotypes show greater stability than others, generally they show less stability than the heterozygous F1s. Finally we have shown that this variation is, at least largely, independent of the mean chiasma frequency.
The distributions of cell variances (ig data) are significantly different between inbred lines (P = <oooi). As for plant variation, it therefore appears that the amount of variation between p.m.c. in an anther is subject to the control of the genotype, and can vary between genotypes of equal hybridity.
This Variation between the p.m.c. within a plant is not independent of the chiasma frequency. Within lines there is a strong and significant negative correlation between them (see also be observed that the sum of squares for heterogeneity is significant, which argues that although the lines show the same general physiological relationship between cell variation and chiasma frequency, the rate of change of one relative to the other is not the same for every line. This may justifiably be attributed to genotypic causes. Analysis of the i 952 data gives the same results except that the sum of squares for heterogeneity of regressions was not quite significant (P = o2-OO5).
The negative correlation between cell variances and plant chiasma frequencies within families suggests the possibility of a causal relationship between the two properties. We have in fact obtained good show (x) a longer tail towards the lower values, and (2) a steep slope at the higher end ( fig. 3 ). In three of the plants the skewness of the distributions is highly significant (P = <oooI). These curves indicate a stricter limitation to the development of cells with high rather than with low frequencies. There is an upper limit in the number of chiasmata per cell (cf. Mather, 1936) . From these observations it would follow that an increase in variation arising within an anther is more likely to be in the direction of cells with fewer chiasmata ; and so the greater the variation between cells the lower the plant chiasma frequency. In these inbred lines therefore a high degree of stability in development, as measured by cell variances I results in a higher mean, and vice versa. We do not suggest that the amount of cell variation is the only factor affecting the plant chiasma frequency. Thus the regressions between the mean chiasma frequencies of lines and the mean cell variances of lines are not significant, either for the 1954 or 1952 data.
The relation found here between the degree of stability of body parts and mean values of character expression is not of course universal (cf. asymmetry in flies, Mather, 1953) . It depends in this instance on the upper limit imposed upon the expression of chiasma frequencies in the p.m.c.
In the F, families the chief difference from the inbred lines is that the cell variances are smaller (table 3, fig. 3 ). As in the inbred lines (i) there are significant differences between families (P = oo5-o.oi), (2) there is no significant regression between the mean cell variances of families and the mean chiasma frequencies of families.
In contrast to the inbred lines, however, we find the regression between cell variances and chiasma frequencies within families is not significant.
When we seek to explain the material basis for the variation between p.m.c. within an anther we can, as pointed out earlier, rule out variation in nuclear genotypes within it, since the nuclei must be genetically identical. The variation must result from differences arising outside the nuclei, in the cytoplasm, which affect their behaviour. These cytoplasmic differences are initiated no doubt by local environmental fluctuations within the anther. In those anthers where the cytoplasm is more resistant to qualitative changes, and therefore more uniform, under a given set of growing conditions the p.m.c. variation will be low and the average chiasma frequency consequently relatively high. Furthermore we conclude that since cell variation varies between lines and families the extent of this variation arising in the cytoplasm is under the influence of the genotype.
The distributions of bivalent variances within cells again are significantly different between the lines (P <oooi). Within lines bivalent variances, like cell variances, are negatively correlated with the chiasma frequencies (P = <oooz). Between lines the regression between average variances and average chiasma frequencies is not significant. In the F,s also the situation is much the same as for cell variances, (i) the bivalent variances are smaller (table 3), () the families show significant differences (P = o.ox-o.ooi), and () the regressions between chiasma frequencies and bivalent variances are not significant either within families or between family averages. It will be seen that differences in bivalent variances between genotypes (e.g. of inbred lines) can, like differences in cell variances, be independent of the degree of hybridity.
Many factors are known to affect variation in chiasma frequency between bivalents within p.m.c. (cf. Darlington, 1937) . These depend upon (x) genetic (including structural) differences between chromosome pairs, and (2) the cytoplasmic environment of p.m.c. nuclei before or during the early stages of meiosis. The latter may be modified by the genotype or by external conditions. A likely explanation for the genotypic differences in the present experiment has been suggested to us by Professor Darlington, viz , that the prepachytene pairing arrangement of homologous chromosomes within the nucleus may be less regular in some genotypes than in others. Such irregularity might even begin as early as the pre-meiotic telophase. Most probably the regularity in chromosome arrangement would depend on the cytoplasmic environment within the cell, and this would vary between genotypes. On this view arrangement would, in general, be irregular in homozygotes, regular in heterozygotes.
It was pointed out earlier that bivalent variances and chiasma frequencies are negatively correlated between plants within inbred lines. This has been shown in another way. Regressions were calculated between the twenty p.m.c. bivalent variances and chiasma frequencies scored within single anthers. The mean regression for eight inbred plants (two at random from each line) is significant (P = <oooi). This relation between the chiasma frequency and the bivalent variation in inbred lines is not surprising if, as suggested above, bivalent variation in the inbred plants results from irregularity in pairing arrangement : the more irregular the pairing the lower we should expect the chiasma frequency to be. Earlier it was postulated that chiasma variation between p.m.c. within an anther was due to cytoplasmic variation between the cells. It may reasonably be assumed this operates at least to some extent by influencing the pairing arrangements of the chromosomes.
The relation between bivalent variation and p.m.c. chiasma frequency is, however, by no means simple and direct. We find, for example, an entirely different situation within ant hers of F1 plants where regression analyses demonstrate a significant positive correlation between bivalent variances and p.m.c. chiasma frequencies. If pairing arrangements in F1 p.m.c. are regular, other factors, such as genetic differences between bivalents, would be more clearly revealed, and may well be responsible for the variation.
DIALLEL ANALYSES INVOLVING THE VARIANCES
By comparing lines and families we have shown that developmental stability in respect of chiasmata, in whichever of the three ways we measured it, is strongly subject to genotypic control. An important question which then arises is whether stability measured at these three different levels is controlled by the same gene system. It is possible to gain information on this point by plotting Wr/Vr graphs using the variances as our metrics. A comparison of these graphs will then show whether the inheritance is the same for each variance. The graphs are shown in fig. 4 . For plant variances the regression line, which is significant (P ooI-oooI) passes near to the origin and its slope is not significantly different from i. There is thus no evidence for non-allelic interaction or for "overdominance ". The order of average dominance is P12, P3, P6, Pi3.
The Wr/Vr regression line for cell variances, which is also significant, passes below the point of origin, indicating "overdominance ". and therefore is evidence for non-allelic interaction. In both these respects the inheritance of cell variances is different from plant variances. In addition, the order of dominance is not the same, It is evident from these facts that chiasma variation at one level is not controlled in a way identical to that exercised at other levels. Indeed our evidence strongly indicates the control to be at least partly different for each variance.
It will also be seen that these graphs differ from that for mean chiasma frequency ( fig. 2) , either in slope or dominance relationships.
This supports the earlier evidence, vie. the absence of significant regressions between mean chiasma frequencies and variances of inbred lines and F1 families, that the variances can be at least partly independent of the mean in inheritance. The independence of mean and variances in inheritance is of course not incompatible with their physiological correlation. For example, it has been shown earlier that cell variances and chiasma frequencies are negatively correlated within lines by virtue of a more or less well defined " upper limit" to the number of chiasmata per cell. Despite this physiological relationship the mean can vary independently of the variance in different genotypes where, for instance, the " upper limits" are different.
GENETIC RECOMBINATION AND NATURAL SELECTION
In chiasma frequency the two main features that distinguish rye heterozygous genotypes from homozygotes are (i) the average per plant is higher, and (2) the variation between cells and bivalents within plants (cf. Lamm, 1936) , and between plants of the same genotype, is smaller. The smaller variation in heterozygotes, within plants, and between plants of the same family, both reflect greater stability in development. It has been shown that, although this kind of variation is initiated by environmental fluctuations, the amount of Variation exhibited depends on the particular genotype. Now heterozygous genotypes in general show less variation, i.e. show greater stability, than homozygotes. But it cannot be the degree of hybridity in itself which directly determines this, because inbred lines equally homozygous show different degrees of stability. This view agrees with the conclusions of Jinks and Mather (i) based on evidence from .Mcotiana rustica, a partial inbreeder, and from Drosophila melanogaster (Mather, 1954 ). It appears therefore, as these authors point out, that the high degree of developmental stability (associated in this case with rye heterozygotes) has been achieved by the action of natural selection for particular, balanced, genic combinations.
There is no doubt that plant chiasma frequencies, and hence the average amount of genetic recombination in a population is adjusted by natural selection, and thereby controls the release of variability in that population. We can now also see how the range of recombination values of gametes produced by the same genotype may be adjusted, and this to some extent at least independently of the mean frequency. First, the variation between p.m.c. within a plant can be controlled. Secondly, there can be control of the manner in which chiasmata are distributed between the bivalents within p.m.c. such that the chiasmata are more, or less, equally shared by the bivalents. Both adjustments within the anther would affect the variety of gametes produced. The mechanism of this control, we have suggested, acts via the cytoplasm.
Since the amount of cell and bivalent variation is relatively small in heterozygotes, we conclude that a relative uniformity between gametes in respect of recombination is an adaptive feature of rye populations.
It must be noted that although we may regard the large degree of environmentally induced variation between plants, cells and bivalents in inbred genotypes as reflecting developmental instability, the very mechanism of this instability can be controlled in such a way as to regulate the recombination properties of a population. We may sum up by saying that genetic recombination is subject to the control of the genotype at three levels, the plant, the cell and the bivalent, at any of which the values are capable of adjustment by natural selection. 2. The inheritance of plant chiasma frequency shows apparent "overdominance" in F1. This is in part at least explained by nonallelic interaction.
3. Analysis of environmentally induced variation, measured by comparisons within identical genotypes, gave the following results (i) There is less variation between plants within F1 families than within inbred lines. (2) There is less variation between p.m.c. and between bivalents within p.m.c. in heterozygotes than in homozygotes. Thus, in respect of chiasma frequencies, under the conditions of the experiment the heterozygous genotypes show greater stability in development than the homozygotes.
. Inbred lines equally homozygous differ in stability. Stability therefore is not simply related to the degree of hybridity of the genotype.
5. Stability, measured as the variation between plants, between cells and between bivalents is genotypically controlled; but the control is not the same for the variation shown at these three levels. The gene system controlling the mean plant chiasma frequency is also different, so that variances and means, to some extent at least, can show independence in inheritance.
6. It is postulated that variation in chiasma frequency between p.m.c. results from intercellular variation in the cytoplasm which influences chiasma formation. This cytoplasmic variation is much less in heterozygotes than in homozygotes. It also varies between inbred lines.
7. Within inbred lines chiasma frequencies are negatively correlated with cell variances. On our view this means that within an inbred line cytoplasmic variation between cells is greatest in plants with the lower chiasma frequencies.
8. It is also demonstrated that the chiasma frequency per cell in an inbred plant has an upper limit. An increase in cell variation therefore lowers the mean, and this explains the negative correlation.
9. Bivalent variances, like cell variances, are negatively correlated with chiasma frequencies within inbred lines. The bivalent variation and the correlation with chiasma frequency may, in part, be explained in terms of irregularity of pre-pachytene pairing.
10. It is concluded that selective adjustment in chiasma frequency and hence in genetic recombination is possible at the three levels of plant, cell and bivalent.
